
Abstract The effects of feed moisture, screw speed, and
barrel temperature on physical properties of extruded corn
flour and soy protein isolate (SPI) blends were investigated in
a co-rotating twin-screw extruder using a response surface
methodology. Corn flour and SPI were mixed with a ratio of
4:1. The screw speed was set at five levels between 60 and
140 rpm, barrel temperature between 140°C and 180°C, and
feed moisture between 18% and 38%. All physical properties
of the extruded material evaluated—included expansion ratio,
bulk density, breaking strength, water solubility index,
rehydration ratio, and color—were significantly (p<0.05)
affected by the three process variables. Feed moisture was
the most significant variable with quadratic effects on most
of the physical properties. Response surface regression
models were established to correlate the physical properties
of the extruded product to the process variables. Under-
standing the effect of these variables on the product physical
properties was deemed useful for the development of
protein-rich extruded products.
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Introduction

Extrusion technology has been commercially stable in food
industry for a long time (Harper 1978; Rossen and Miller
1973). Starch-based food materials, like corn, rice, and
semolina, are ideal candidates for extrusion processing
(Chinnaswamy and Hanna 1988). As a high temperature
short time process, extrusion involves simultaneous thermal
and pressure treatment along with mechanical shearing,
which can result in several changes in the extrudate such as
gelatinization of starch, denaturation of protein, and even
complete cooking thereby resulting in a final product that
may be ready to eat. Extrusion processing of corn and
oatmeal has been very well studied (Gomez and Aguilera
1983, 1984; Bhattacharya and Hanna 1987) and well
commercialized especially in the category of breakfast
cereals. Extruded corn products are rich in carbohydrates
and fibers but are relatively low in protein content, and
hence there is an increasing interest in enhancing the
protein component of these products (Muhungu et al. 1999;
Konstance et al. 1998).

Soybean is a low cost, superior protein source available
in the world. Besides protein fortification, soy-based
supplementary foods also provide many other nutritional
benefits. Soy-containing foods have been shown to reduce
risks of breast cancer and other cancers and to protect
against cardiovascular disease and osteoporosis (Messina
and Messina 1991; Caragay 1992; Potter 1995). Soy
protein is an edible component of the soybean. It is
produced from raw whole soybeans by a multi-step process
that removes the lipid and indigestible components to
concentrate the protein and increase its availability.
Depending on the particular steps used during processing,
soy protein ingredients may take the form of isolated soy
protein, soy protein concentrate, or soy flour. Each
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ingredient may be further processed into texturized soy
protein or texturized vegetable protein used in the manu-
facture of meat and poultry analogs by thermoplastic
extrusion or steam texturization to impart structure and
shape. In addition to protein, these soy protein ingredients
contain other naturally occurring soy constituents, such as
isoflavones, fiber, and saponins. The different processing
steps used ultimately define the extent of retention of
naturally occurring components in the final product. Soy
protein is also consumed as a component of traditional
fermented and non-fermented soy foods, such as tofu,
tempeh, and miso, as well as whole soybeans, soynuts,
soymilk, soy yogurt, and soy cheese. These products
contain variable amounts of soy protein and other naturally
occurring soy constituents depending on the specific
technologies used in these products. Soy protein ingredients
and soy protein-containing foods may partially replace or
be used in addition to animal or other vegetable protein
sources in the human diet.

The extrusion process of corn and soy flour blends has
been investigated in some studies. Konstance et al. (2002)
studied drying properties and storage stabilities of a high-
energy extruded food consisting of blends of full fat soy
grits, cornmeal, soy concentrate, and soybean oil. Sun and
Muthukumarappan (2002) studied single-screw extruder
effects of soy flour content, feed moisture, screw speed, and
barrel temperature on some physical properties of the
extrudates. Park et al. (1993) studied the effects of feed
moisture, corn starch levels, and process temperature on
selected physical properties of soy flour–corn starch–raw
beef extrudates using a single-screw extruder.

With the rapid development of soybean processing
industry, soy protein isolates (SPI) have been widely used
in food industry. Compared with soy flour, SPI can
provide highly concentrated protein, high in lysine, with
bland flavor and reduced flatulence factors and reduced
sugars, and are hypothesized to lead to improved overall
product quality (Konstance et al. 1998). Some studies
have explored the use of soybean in the form of SPI.
Camire and King (1991) incorporated soy fiber to SPI and
corn flour blends to enhance nutritional values of the
extrudate. Ghorpade et al. (1997) studied the pore
structure of the extrudate from corn starch and SPI blends.
Konstance et al. (1998) developed a nutritious “instant”
extruded product using corn meal, soy flakes, soy protein
concentrate, and soy oil. Faller et al. (1999) conducted
consumer testing for the extruded SPI and corn flour
blends. Faller et al. (2000) added sugar to SPI and corn
flour blends and studied its effects on the characteristic
soy flavor and sensory characteristics of the extrudate.
Seker (2005) evaluated the expansion ratio (ER) of the
extrudate using SPI and different corn starch blends. More
recently, Brnčić et al. (2009) studied the influence of

various whey protein concentrate addition and some
extrusion process parameters on physicochemical proper-
ties of directly expanded corn flour extrudates manufac-
tured in twin-screw co-rotating extruder and found the
lowest water solubility indeed and highest water absorp-
tion index were associated with the highest protein
addition. Arhaliass et al. (2009) evaluated the expansion
mechanism in the extrusion cooking process during maize
and wheat flours processing in a twin-screw extruder.
They found that the maximum expansion is obtained with
maize flour and that the difference in composition between
maize and wheat flours had an impact on the expansion
mechanism.

Response surface methodology (RSM) is a statistical
method used to describe the relationship between process
variables and product quality characteristics (Giovanni
1983). RSM has been effectively used in several extrusion
studies to relate the product characteristics to extrusion
variables (Chen et al. 1991; Park et al. 1993; Nwabueze
2008; Altan et al. 2008; Pansawat et al. 2008; Sibel and
Fahrettin 2008; Aylin et al. 2008; Altan et al. 2009).

Extrusion processing of SPI incorporated with corn flour
blends has not been studied in detail exploring the relation-
ships between process parameters and physical properties of
the extrudate. Such a study is essential for product develop-
ment and process control considering the popularity of the
application of corn and SPI in food extrusion.

The objectives of the present work were therefore to
investigate (a) the influence of extrusion process variables
on physical properties of extruded corn flour and SPI
blends using a twin-screw extrusion process by using RSM
and (b) establish regression models to predict the physical
properties of the extruded material as a function of the
process variables. This study forms the basis of our
extrusion research program on soy protein-enriched extrud-
ed products.

Materials and Methods

Materials

Corn flour from Brar Natural Flour Mills (Winnipeg, MB,
Canada) was purchased locally (composition: 1.7% of
lipids, 76.7% of starch, and 10% of protein). SPI was
received from American Health & Nutrition (Ann Arbor,
MI, USA), which contained 90% protein. The moisture
contents of the flours were measured before mixing. The
flours were mixed using a Hobart mixer (Hobart Food
Equipment Group, North York, ON, Canada) to give corn
flour:SPI ratio of 4:1 (wet basis). Appropriate amount of
water was added to adjust the mixture to the required
moisture content as per the experimental design. The
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blends were sealed in polyethylene bags and equilibrated
for 24 h at 4°C before extrusion.

Extrusion Process

Extrusion was performed in a co-rotating twin-screw
extruder (DS32-II, Jinan Saixin Food Machinery, Shan-
dong, People's Republic of China), consisting of three
independent zones of controlled temperature in the barrel.
The diameter of the screw was 30 mm. The length to
diameter ratio of the extruder barrel was 20:1. The
diameter of the hole in the die was 5 mm with a die
length of 27 mm. The screw speed and the temperature of
the third barrel section (metering section) were adjusted to
the required levels. The extruder was fed manually
through a conical hopper, keeping the flights of the screw
fully filled and avoiding accumulation of the material in
the hopper.

After stable conditions were established, extrudates were
collected and cool dried under mild air flow conditions at
room temperature overnight and then finish dried to
moisture content of 9–10% (wet basis) by an air convection
oven at 45°C and a wind flow at 0.1 m/s. Dried samples
were stored in air tight plastic containers at room
temperature and used for analysis.

Experimental Design

Extrusion is a complex process involving many variables.
Among them, barrel temperature, screw speed, and feed
moisture are the most important factors. A central compos-
ite rotatable design (CCRD; Draper 1982) was used to
incorporate these three independent variables. This design
required 20 experimental runs with eight (23) factorial
points (three level for each variables), six star corner points
(two for each variable) and six center points. Overall, this
yields five levels for each variable and permits a better
assessment of their quadratic effects. The CCRD-coded
levels and experiment ranges of the three independent
variables are shown in Table 1; these were selected based
on preliminary tests.

In order to develop the RSM models, coded values are
used which are obtained from the real values of
independent variables screw speed (S; rpm), barrel
temperature (T; °C), and feed moisture (M; %) as shown
below:

S ¼ Screw speed � 100ð Þ � 1:682

40
ð1Þ

T ¼ Barrel temperature� 160ð Þ � 1:682

20
ð2Þ

M ¼ Feed moisture� 28ð Þ � 1:682

10
ð3Þ

Physical Properties

Several physical parameters were selected from those that
have been used to describe the properties of the extruded
products.

Expansion Ratio (ER)

This was defined as the ratio of the diameter of the
extrudate to the diameter of the die (Jyothi et al. 2009). In
order to determine the ER, 20 randomly selected segments
of each sample were measured using caliper, and the
average value was used.

Bulk Density (BD)

Bulk density (BD) was measured using displacement method
(Seker 2005). Extrudates were cut into strands about 25 mm
long, and around 15 g strands were weighed (Mext, g) and
put in a 100-ml cylinder, then yellow millet particles were
added to fill up the cylinder. The extrudates were taken out,

Table 1 Central composite rotatable design experiment design: coded
values and actual values

Run Screw speed
(rpm)

Barrel temperature
(°C)

Feed moisture
(%)

1 1 (127) 1 (172) 1 (35)

2 1 (127) 1 (172) −1 (21)

3 1 (127) −1 (148) 1 (35)

4 1 (127) −1 (148) −1 (21)

5 −1 (73) 1 (172) 1 (35)

6 −1 (73) 1 (172) −1 (21)

7 −1 (73) −1 (148) 1 (35)

8 −1 (73) −1 (148) −1 (21)

9 1.68 (140) 0 (160) 0 (28)

10 −1.68 (60) 0 (160) 0 (28)

11 0 (100) 1.68 (180) 0 (28)

12 0 (100) −1.68 (140) 0 (28)

13 0 (100) 0 (160) 1.68 (38)

14 0 (100) 0 (160) −1.68 (18)

15 0 (100) 0 (160) 0 (28)

16 0 (100) 0 (160) 0 (28)

17 0 (100) 0 (160) 0 (28)

18 0 (100) 0 (160) 0 (28)

19 0 (100) 0 (160) 0 (28)

20 0 (100) 0 (160) 0 (28)
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and the volume of the yellow millet particles was measured
(Vym, ml). BD was calculated as below:

BD ¼ Mext

100� Vym
g=mlð Þ ð4Þ

Breaking Stress (BS)

Breaking stress (BS) was measured using a single cycle
compression test in a Lloyd texture machine with a 500-
N load cell (Lloyd model LRX, Lloyd Instruments Ltd.,
Fareham, Han, UK). A three-point breaking test
(Zasypkin and Lee 1998) was used to measure the
maximum force required to break the extrudate samples.
The extruded product was cut to obtain 35-mm-long
strands, which were placed at right angle on two rounded
stands (bridge) 30 mm apart. The rounded crosshead
exerting force in the middle of the bridge was moving
down at 5 mm/min until breaking. BS (N/mm2) was
determined as the breaking force per unit cross section
area. Eight measurements were made on each product, and
the average value was used.

Water Solubility Index (WSI)

Water solubility index (WSI) was determined using the
method of Anderson et al. (1969).

Rehydration Ratio (RR)

Rehydration ratio (RR) was measured at 30°C. The
extrudate was cut to obtain 35-mm-long strands, and
around 20 g strands were weighed (M1) and placed in
500 ml of water at 30°C for 15 min. The water was drained,
and the rehydrated samples were weighed (M2). RR was
defined as:

RR ¼ M2 �M1

M1
� 100 %ð Þ ð5Þ

Color

Color measurements were made in a Minolta colorimeter
(Minolta Colorimeter Model CM-500d) using an aperture
of 1.2 cm diameter. The exposed area was sufficiently great
relative to the illuminated area to avoid any light-trapping
effect. The instrument was calibrated with a standard white
tile (L=77.58, a=−0.27, b=−26.63). The color was
reported in terms of L, a, and b values. Eight measurements
on each sample were taken, and the average value was
used.

Data Analysis

Results were analyzed using Design-Expert 6.0 (Stat-Ease
Inc.), and the second-order polynomial model was estab-
lished to predict the dependent variable (Y):

Y ¼ c0
X3

i¼1

ciXi þ
X3

i¼1

ciiX
2
i þ

XX3

i;j¼1

cijXiXj ð6Þ

where c0, ci, cii, and cij are coefficients of intercept, linear,
quadratic, and interactive effects, respectively, and Xi and Xj

are independent variables. The mapping of the fitted
response was generated using Design-Expert 6.0 (Stat-Ease
Inc.). The response surface was plotted as a function of two
variables while keeping the remaining variable at the center
point value.

Results and Discussion

The data on mean values of all physical properties of
extruded products along with their standard deviations are
summarized in Table 2. Analysis of variance is summarized
in Tables 3 and 4. Models for all parameters were
significant, and all parameters were significantly (p<0.05)
affected by screw speed, barrel temperature, and feed
moisture, and their quadratic effects.

Various physical properties have been studied in differ-
ent extruded products. Jyothi et al. (2009) studied the
physical properties, including BD, true density, porosity,
and ER; water absorption index; WSI; and oil absorption
index in the single extruder to process tuber starch. Rocha-
Guzman et al. (2008) studied water absorption index, water
absorption capacity, oil absorption capacity, and emulsify-
ing capacity in the extrusion process of normal bean
cultivars flour. Őzer et al. (2004) studied the physical
properties (BD, expansion, and porosity) of a nutritionally
balanced extruded snack food by the RSM method. The
influence of process variables on physical properties have
been shown to be generally significant in all these studies.

Expansion Ratio (ER)

The fitted model for ER is shown in Eq. 7 (all independent
variables in coded values) indicating quadratic effects with
all three variables.

ER ¼ 2:164þ 0:142S þ 0:097T þ 0:12M � 0:103S2

� 0:076T2 � 0:279M 2 ð7Þ
Figure 1 shows the response surface plot of ER vs two

independent variables with the third taken at the midpoint
(coded 0) level. Figure 1a is ER vs temperature and screw

488 Food Bioprocess Technol (2012) 5:485–497



speed in which the feed moisture was controlled at 28%
(coded value 0), Fig. 1b is ER vs feed moisture and screw
speed with the barrel temperature set to 160°C, and Fig. 1c
is ER vs feed moisture and temperature with the screw
speed set at 100 rpm.

Feed moisture was the most significant factor affecting
the ER. The effect of feed moisture on extrusion process
has been observed to be complex. In this study, a quadratic
effect of feed moisture on ER was found, and the maximum
ER was obtained when feed moisture was around 28%.
Park et al. (1993) studied the extrusion of soy flour–corn
starch–raw beef blends in a single-screw extruder and
reported similar results with 23% feed moisture predicted
for having optimum ER. Sun and Muthukumarappan

(2002) extruded corn flour and soy flour blends in a
single-screw extruder and also reported that ER increased
with increasing feed moisture from 15% to 18% and then
decreased with further increasing to 21%. With blends of
full fat soy grits, corn meal, soy concentrate, and soybean
oil extruded in a twin-screw extruder, Konstance et al.
(2002) did not find significant change of ER when feed
moisture was changed from 11% to 13% and then to 19%.
Hagenimana et al. (2006) found that ER decreased with
increasing feed moisture from 16% to 19% and 22% when
rice flour was extruded in a twin-screw extruder. Zasypkin
and Lee (1998) reported that ER of extruded wheat flour or
soy flour alone increased with lowering of the feed
moisture from 18% to 17% and 16%, while for extruded

Table 3 Analysis of variance for the fit of experiment data to response surface model

Source ER BD BS WSI RR L

df SOS df SOS df SOS df SOS df SOS df SOS

Model 6 1.821 4 0.805 4 1.207 7 324.795 4 17,135.223 3 59.746

Residual 13 0.224 15 0.286 15 0.405 12 19.335 15 1,199.373 16 18.295

R2 0.89* 0.74* 0.75* 0.94* 0.94* 0.77*

SOS sum of square

*p<0.001

Table 2 Physical properties of the extruded product (mean values plus standard deviation in parenthesis)

Run ER BD (g/ml) BS (N/m2) WSI (%) RR (%) L a b

1 2.02 (0.04) 0.37 (0.02) 0.75 (0.12) 16.67 (1.23) 135.8 (8.10) 41.64 (3.66) 4.08 (0.50) 28.43 (1.87)

2 1.59 (0.03) 0.80 (0.03) 0.58 (0.08) 7.90 (0.35) 46.66 (2.78) 45.42 (7.98) 3.30 (0.48) 24.34 (2.75)

3 1.76 (0.07) 0.38 (0.01) 1.09 (0.07) 9.32 (0.87) 76.66 (4.82) 42.81 (5.64) 3.57 (0.32) 27.29 (2.64)

4 1.55 (0.04) 0.90 (0.02) 0.63 (0.07) 7.08 (1.01) 40.60 (2.39) 45.19 (4.33) 2.86 (0.63) 25.17 (3.22)

5 1.90 (0.06) 0.49 (0.01) 0.94 (0.14) 11.04 (1.21) 99.56 (6.72) 41.64 (3.65) 4.15 (0.22) 27.71 (4.54)

6 1.41 (0.02) 0.88 (0.03) 0.87 (0.09) 7.74 (0.97) 40.30 (1.87) 45.06 (1.87) 3.28 (0.43) 26.20 (3.65)

7 1.56 (0.02) 0.59 (0.02) 1.19 (0.21) 6.53 (0.22) 68.66 (1.95) 43.67 (4.76) 4.42 (0.51) 29.21 (1.22)

8 1.39 (0.10) 1.05 (0.03) 0.83 (0.11) 5.06 (0.64) 35.73 (2.63) 46.88 (2.34) 2.75 (0.17) 24.46 (2.38)

9 2.34 (0.04) 0.36 (0.01) 0.82 (0.08) 8.50 (0.32) 82.31 (9.77) 41.95 (2.39) 4.04 (0.32) 31.57 (1.72)

10 1.58 (0.02) 1.04 (0.02) 1.54 (0.09) 5.46 (0.34) 58.50 (8.38) 42.31 (4.74) 4.38 (0.39) 27.39 (2.42)

11 2.23 (0.05) 0.57 (0.02) 0.86 (0.12) 9.56 (0.54) 74.02 (5.24) 38.55 (1.93) 7.58 (0.62) 28.21 (1.67)

12 1.84 (0.11) 1.04 (0.03) 1.75 (0.14) 0.78 (0.12) 55.44 (5.73) 44.94 (2.12) 3.54 (0.17) 29.32 (2.80)

13 1.56 (0.07) 0.91 (0.03) 0.85 (0.16) 21.84 (1.36) 142.8 (9.21) 42.24 (2.35) 3.66 (0.26) 29.04 (1.97)

14 1.36 (0.08) 1.13 (0.02) 0.57 (0.07) 11.16 (1.12) 8.25 (0.96) 46.85 (1.86) 3.34 (0.42) 24.56 (3.21)

15 2.19 (0.05) 0.65 (0.01) 1.08 (0.12) 8.21 (1.07) 71.40 (6.44) 44.00 (2.87) 3.75 (0.25) 28.66 (1.05)

16 2.16 (0.05) 0.64 (0.01) 0.95 (0.14) 10.51 (1.45) 70.39 (5.24) 43.77 (3.87) 3.56 (0.36) 27.77 (1.36)

17 2.13 (0.04) 0.62 (0.02) 1.04 (0.10) 8.55 (1.22) 72.01 (7.39) 43.44 (2.64) 3.48 (0.22) 28.25 (1.72)

18 2.11 (0.02) 0.64 (0.01) 1.13 (0.09) 8.88 (0.54) 69.82 (6.21) 41.74 (2.95) 4.48 (0.18) 29.48 (2.10)

19 2.20 (0.04) 0.61 (0.01) 1.07 (0.11) 9.36 (0.78) 71.01 (6.35) 42.31 (5.62) 4.45 (0.15) 29.14 (2.54)

20 2.16 (0.05) 0.62 (0.02) 1.07 (0.14) 9.24 (0.83) 70.65 (5.78) 41.80 (3.87) 4.52 (0.32) 29.72 (1.73)
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blends, ER remained the same or was lower. It has been
observed that suitable feed moisture depends on not only
the extrusion condition, such as barrel temperature and
screw speed, but also the feed composition, which can
affect the water binding capacity (Park et al. 1993). SPI has
a high water holding capacity, which appeared to be the
main cause of high optimum feed moisture in this study.

Quadratic effects of screw speed and barrel temperature
on ER were also found in this study, although to a slightly
lower extent as compared with feed moisture. On one hand,

increasing screw speed and barrel temperature will intro-
duce more energy to the material in the barrel, which would
enhance the moisture evaporation at the die exit and hence
increase ER. On the other hand, increasing screw speed will
reduce the residence time of the material (Gogoi and Yam
1994), which could reduce the energy received by the
material in the barrel, and therefore could result in lower
ER. Sun and Muthukumarappan (2002) reported similar
results when screw speed increased from 180 to 200 rpm
and 220 rpm. However, Seker (2005) and Hagenimana et

ER BD BS WSI RR L

Model 0.0004 0.0336 0.0150 <0.0001 <0.0001 0.0164

A 0.0033 0.0180 0.0136 0.0052 0.0170 0.5638

B 0.0261 0.0809 0.0104 <0.0001 0.0027 0.0078

C 0.0088 0.0049 0.0444 <0.0001 <0.0001 0.0014

A2 0.0178 0.7936 0.9961 0.0174 0.7976 0.9807

B2 0.0626 0.5650 0.3715 0.0006 0.2945 0.7097

C2 <0.0001 0.0397 0.0058 <0.0001 0.6325 0.0273

AB 0.8796 0.7360 0.7314 0.7781 0.2720 0.4358

AC 0.9597 0.8328 0.7031 0.0950 0.2258 0.8983

BC 0.1921 0.7360 0.2819 0.0331 0.0111 0.6629

Table 4 Analysis of variance
for the p value of experiment
data to response surface model

A screw speed, B barrel temper-
ature, C moisture content

Fig. 1 Effects of extrusion var-
iables on expansion ratio

490 Food Bioprocess Technol (2012) 5:485–497



al. (2006) found that increasing screw speed steadily
enhanced ER. Park et al. (1993) and Hagenimana et al.
(2006) also reported the quadratic effect of barrel temper-
ature on ER. Sun and Muthukumarappan (2002) stated that
when temperature increased from 155°C to 185°C, ER
steadily decreased.

When the extrusion process is carried out at temper-
atures above 100°C, moisture is superheated inside the
extrusion barrel due to internal high temperature and
high-pressure conditions (Park et al. 1993; Heldman and
Hartel 1997). As the product exits the die nozzle, moisture
flash evaporates suddenly due to the pressure drop. As a
result, the extruded product is expanded, and the charac-
teristic texture of the extrudate is formed with a porous
structure. Sufficient amount of moisture for the vaporiza-
tion is necessary for the expansion of the product.
However, too high a feed moisture reduces the shear
strength and the energy input to the material, therefore,
decreases the moisture evaporation at the die exit and
results in lower product expansion.

ER is an important quality parameter in products like
breakfast cereals and ready-to-eat snack foods. In products
intended for further cooking, this may not be important; in
fact, large ER, which promotes increased porosity, may
result in softer texture in cooked products. Hence, choosing
the optimal level depends on the intended product.

Bulk Density (BD)

The fitted regression model for BD is shown in Eq. 8 (all
independent variables in coded values) demonstrating
quadratic effects only with the feed moisture.

BD ¼ 0:645� 0:124S � 0:085T � 0:158M þ 0:102M 2 g=mlð Þ
ð8Þ

Figure 2 shows the response surface plot of BD vs two
independent variables at a time with the third taken at the
midpoint level. Feed moisture was again the most
significant factor for BD among the three; however, the
influence was not as pronounced as with ER, as the feed
moisture surface plot concaved at mid-moisture content
somewhat similarly with both temperature and screw
speed indicating a lower BD. Park et al. (1993) reported
similar results. However, Sun and Muthukumarappan
(2002) found that with increasing the feed moisture, BD
increased steadily. Hagenimana et al. (2006) reported that
BD increased with an increase in feed moisture at low
barrel temperature, whereas the opposite effect occurred at
high temperature.

BD relationship with temperature and screw speed was
somewhat flat showing minimal interactions, with both
barrel temperature and screw speed contributing to a lower

Fig. 2 Effects of extrusion var-
iables on bulk density
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BD. Seker (2005) and Hagenimana et al. (2006) reported
similar results. High screw speed and barrel temperature
could result in larger extent of starch gelatinization. Case et
al. (1992) indicated that with starch gelatinization increas-
ing, the volume of the extrudate increases and the BD
decreases, but Sun and Muthukumarappan (2002) found
BD increased significantly with increasing screw speed,
and no explanation was provided.

Both ER and BD represent the extent of puffing of
the extrudate. Therefore, it might be expected that these
two properties would be negatively correlated, with
higher ER contributing to lower BD, but Park et al.
(1993) reported that this is not always the case. The reason
could be that ER only considers the expansion in the radial
direction, perpendicular to extrudate flow, whereas BD
considers the expansion in all directions (Falcone and
Phillips 1988). In this study, a significant inverse relation-
ship (r=−0.71) was found between ER and BD. Park et al.
(1993) and Falcone and Phillips (1988) also showed a
similar result.

Breaking Stress (BS)

The mean values of BS values under different extrusion
conditions are listed in Table 2. Analysis of variance
(Tables 3 and 4) showed that BS was significantly (p<
0.05) affected by screw speed, barrel temperature, feed
moisture, and the quadratic effect of feed moisture. The

fitted regression equation for BS is shown in Eq. 8 (all
independent variables in coded values).

BS ¼ 0:645� 0:124S � 0:085T � 0:158M þ 0:102M 2 N=mm2
� �

ð8Þ
Figure 3 shows the response surface plot of BS vs two

independent variables at a time with the third taken at the
midpoint level. Like the situations in ER and BD, feed
moisture had a quadratic effect on BS. The combined effect
of feed moisture and temperature or screw speed was much
more severe on the BS than the combination of temperature
and screw speed. The latter combination showed a relatively
small but perceptible effect demonstrating a steady decrease
in the BS as the temperature and screw speed increased. This
combination produced a crispier product that was easier to
break. The feed moisture relationship with BS was some-
what consistent at different temperature and screw speeds.
The BS increased with an increase in moisture content but
decreased with an increase in temperature and screw speed,
but the curves were somewhat convex upwards suggesting
some interactions. One would expect that BS would decrease
with an increase in feed moisture. This would be the case
normally under low temperature extrusion conditions. Under
the conditions tested, high moisture promotes more explo-
sive behavior at the exit die resulting in an increase in the ER.
Higher ER results in a larger diameter sample which offers a
greater resistance to breaking resulting in an increase in BS,

Fig. 3 Effects of extrusion var-
iables on breaking strength

492 Food Bioprocess Technol (2012) 5:485–497



which is consistent with the experimental results. Sun and
Muthukumarappan (2002) found that the shear force per
unit weight of extrudate decreased with the increase of the
feed moisture and decrease of barrel temperature, and it
increased with increasing screw speed to a certain point and
then decreased with the further increase of screw speed.

Water Solubility Index (WSI)

The WSI values under different extrusion conditions
(Table 2) and the analysis of variance results (Tables 3
and 4) showed that WSI was significantly (p<0.05) affected
by the individual and quadratic effects of screw speed,
barrel temperature, feed moisture, as well as the interaction
effect of barrel temperature and feed moisture. The fitted
regression model for WSI is shown in Eq. 9 (all
independent variables in coded values).

WSI ¼ 3:049þ 0:383S þ 0:735T þ 0:824M

þ 0:349T*M � 0:299S2

� 0:512T2þ0:823M 2 %ð Þ ð9Þ
Figure 4 shows the response surface plot of BS vs two

independent variables at a time with the third taken at the
midpoint level. Again, the feed moisture was the most

dominant factor. Higher screw speed and higher barrel
temperatures resulted in increase in the WSI. The surface
plot showed a slight convex surface with levels of
temperature and screw speed at the higher end yielding
the maximum WSI. Hagenimana et al. (2006) also reported
that with barrel temperature and screw speed increased,
WSI increased steadily; however, Seker (2005) reported
that screw speed was not significant for WSI.

With the feed moisture, the surface response plot
relationship with WSI was a bit different when temperature
and screw speeds were considered co-variables. In both
situations, WSI increased with moisture content, with the
higher end feed moisture resulting in a greater quadratic
influence on the WSI. The surface plots were concave
upwards. The WSI is contributed by the nature of the major
components in the feed mix—the carbohydrates and
proteins and their status whether they are in their native
state or in the gelatinized/denatured state. At lower feed
moisture levels, it is possible that there was not enough
water for the starch gelatinization and protein denaturation
to be completed. This could be the reason for gradual
increase in WSI with an increase in moisture content. When
feed moisture is higher than a certain critical level, higher
feed moisture levels contribute to a greater starch gelatini-
zation and denaturation of protein resulting in an increased
WSI. Hagenimana et al. (2006), however, reported that with

Fig. 4 Effects of extrusion
variables on water solubility
index
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extruded rice flour when feed moisture increased from 16%
to 22%, WSI decreased. The opposite results could be due
to the inclusion of higher amounts SPI in the present study.
The combination perhaps helped to increase the WSI.

Rehydration Ratio (RR)

Extruded products are frequently rehydrated prior to con-
sumption like in a breakfast cereal or used as an ingredient in
cooking preparations. The RR is an important parameter for
such consideration as it will define the ability of how much
liquid the product can be absorb.

The RR values was significantly (p<0.05) affected by
screw speed, barrel temperature, feed moisture, and also the
interaction effects of barrel temperature and feed moisture
(Tables 2 and 3). However, there were only linear effects
with all variables and no quadratic effects. The fitted
regression equation for RR is shown in Eq. 10 (all
independent variables in coded values).

RR ¼ 69:526þ 6:992S þ 9:658T þ 32:479M

þ 9:927T*M %ð Þ
ð10Þ

Figure 5 shows the response surface plot of RR vs two
independent variables at a time with the third taken at the

midpoint level. The effects of the process variables on RR
were the straight forward. RR increased with feed moisture,
barrel temperature, and screw speed. Each of these also
contributed to higher ER and lower BD. Higher ER means
higher porosity of the sample and hence greater ease for
rehydration. All these conditions are indicative of higher
and more rapid expulsion of moisture due to the larger
pressure difference and higher temperature at the die. Park
et al. (1993) and Sun and Muthukumarappan (2002) also
found higher barrel temperature to result in increased water
absorption. Sun and Muthukumarappan (2002) and Seker
(2005), however, did not find any significant effect of
screw speed on water absorption of the extrudate. In this
study, although significant, screw speed was the least
important factor for RR.

Correlation analysis showed that RR was positively
related to ER and WSI (r>0.71). The expanded structure of
the extrudate could be one of the main forces of the water
absorption. RR was found negatively related to BD (r=
−0.56). Park et al. (1993) also reported water absorption
was reversely related with BD (r=−0.66).

Color

The color coordinates of L*, a*, and b* under different
extrusion conditions were evaluated (Table 2). Analysis of

Fig. 5 Effects of extrusion var-
iables on rehydration ratio
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variance results (Tables 3 and 4) showed that L* was
significantly (p<0.05) affected by barrel temperature, feed
moisture, and the quadratic effect of feed moisture. The b
value was significantly (p<0.05) affected by feed moisture
and its quadratic effect, while a value was significantly (p<
0.05) affected by only barrel temperature. Only L values
were used in the regression analysis, because of the low R2

of the regression for a and b values. L value regression
equation is shown in Eq. 11 (all independent variables in
coded values).

L ¼ 42:715� 1:137T � 1:503M þ 0:872M2 ð11Þ

Figure 6 shows the response surface plot of L values vs
two independent variables at a time with the third taken at
the midpoint level. L value increased with barrel temper-
ature. Sun and Muthukumarappan (2002) found insignif-
icant effect of barrel temperature on L value. Park et al.
(1993) reported significant interaction effects between
feed moisture and barrel temperature. Feed moisture—
screw speed and feed moisture—barrel temperature effects
were similar. Low feed moisture was associated with
higher L value (lighter color), and increasing moisture
content had a quadratic effect on L irrespective of screw
speed and temperature. Sun and Muthukumarappan (2002)

reported that the increase of feed moisture increased L
value.

Conclusions

RSM revealed the significant effects of all three important
extrusion parameters (screw speed, feed moisture, and
barrel temperature) on the physical properties of twin-
screw extruded SPI and corn flour blends. Within the
experimental range, feed moisture was the most important
factor for the physical properties of the extrudate.

The effects of feed moisture on most of the properties
of the extrudate were found to be quadratic; the effects
were linear with some interaction only with for RR.
Screw speed also had quadratic effects on ER and WSI,
while higher screw speeds always resulted in high RR
and low BS and BD. Interactive effects of barrel
temperature and feed moisture were found on WSI and
RR. The effect of barrel temperature on ER was
quadratic. High barrel temperature resulted in high L
value and low BS and BD.

Some differences were found between the results of the
present study and published results, which could be due to
the different configurations of the extruder, the experiment
range and, more importantly, feed compositions, especially

Fig. 6 Effects of extrusion var-
iables on L value
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the combination of corn starch and SPI. Some physical
properties could be expected and interrelated, but this was
not always the case, revealing more studies required to fully
understand the complicated extrusion process. Clearly some
of the differences in the extrusion behavior was caused by
the inclusion of SPI (25% level in the feed mix). Hence, if
protein dense products are desired, such studies should be
extended to higher protein levels to assess their influence
on the physical and sensory properties of the extruded
product.
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